Ball valve is the core control component for flow in HVAC (Heating, Ventilation and Air Conditioning) system. And valve's flow noise is one of the key parameters to evaluate its performance. Ball valve's flow field is modeled by finite element method based on Lighthill acoustic theory. And turbulent kinetic energy of the flow field is obtained. The noise generation mechanism of ball valve's flow is obtained by analyzing the contours of pressure, velocity and sound pressure level. In order to reduce sound pressure level of ball valve, noise reduction scheme was proposed. And ball valve was reformed. Flow field characteristics of the modified ball valve are analyzed by numerical simulation method. The feasibility of noise reduction scheme is verified by experiments. The results show that refitted ball valve has good noise reduction effect while guaranteeing small change of flow.
I. INTRODUCTION
Ball valve has been widely used in HVAC system for its simple mechanism and easy operation. Ball valves meet user's demand for flow with throttle. But when the fluid passes through the valve, energy will loss. Then fluid contraction, eddy current rotation and fluid expansion will occur. Some of the energy loss by the way of radiation in the form of noise, which causes sensory and psychological discomfort of residents and operators and limits the application prospects of the valve.
In recent years, there are many researches about aero acoustic [1] , [2] . But the numbers of researches of liquids noise are small [3] . The noise reduction is a key parameter in valve' design [4] . In 1952, Lighthill putted forward the theory of acoustic analogy. Turbulent noise is caused by Reynolds stress in moving fluid, which laid a foundation for the further study of the mechanism of jet noise [5] . Powell believed that the sound generation in inviscid isentropic flow was determined by the dynamic vorticity. So another alternative to the Lighthill formula was obtained, from which we can find that the vorticity plays a great role in the noise The associate editor coordinating the review of this manuscript and approving it for publication was Xiaokang Yin . generation [6] . Mohring analyzed the development of eddy current and the noise generated by the eddy wire on the basis of Powell. He gave a theoretical description of the noise generated by the three-dimensional eddy current [7] . Shigeru Yoshikawa et al. pointed out that the sound power is mainly generated by the flow-sound interaction near the edge of the organ pipe. They also indicated the vortex layer that formed by the jet periodically alternately acts on the inner or outer edge of the organ pipe increase the sound power [8] . M. Kaltenbacher et al. analyzed the difference of energy and length, the preservation of multipolar characteristics of sound sources, and proposed a Lighthill finite element formula for mixed calculation of turbulent noise. Large eddy simulation and scale adaptive turbulence model were used to calculate the flow field. And the accuracy the formulas of models was verified in the analysis of aeroacoustics [9] . Howe proposed the mechanism of vortex shedding in flutelike instruments on the basis of two-dimensional theory [10] . C. L. Morfey et al. used the generalized function to express the initial condition as equivalent volume source in the study of aero acoustics. And they proved that the ideal acoustic medium density is not the steady state density of the medium [11] . Weiwei Xu studies the noise characteristics generated by gas turbulence. She pointed that the major noise source was the obvious change of compressible flow. And she set water injection at the point where sound generation to reduce noise of control valve [12] . Huang, Zhao-Yu et al. reviewed the study on noise reduction methods of theoretical analysis experimental techniques [13] .
As a parameter of fluid compressibility, Mach number also has a great influence on noise generation. Fu-qiang Chen studied high Mach number that reflected the fluid compressibility. And A set of structural parameters was obtained to reduce energy consumption and noise [14] . Jin-yuan Qian et al. studied Mach number and energy loss which inducted noise. They pointed that noise increase with the increasing of pressure ratio [15] .
In addition to the above reasons, the noise of valves and other devices have other causes of noise generation. Songjing Li et al. pointed that the noise in the servo valve was caused by the high frequency oscillation of the components under high pressure difference [16] . H. Shao et al. reduced the noise generated by the control valve under high pressure difference by hardening the valve body and changing the structure of the valve body [17] . Janzen, Victor P et al. tested a model of 28''-diameter gate valve's sound pressure level. They pointed that the noise was caused by vortex shedding. And they gave advice in the paper to reduce noise by changing valve geometry [18] . Shao-Gan et al. use a novel valve plate to reduce the noise which come from axial piston pump. The noise are reduced at high pressure, which is proved by experiment [19] . Hassan A et al. presented a method to predict noise of a submersible pump. This method was an algorithm. The method predicted noise that from different sear materials [20] . Shuxun Li et al. used two-dimensional simulation to propose that the cavitation noise near the throttle is caused by the pressure at the throttle location lower than the saturated vapor pressure of the fluid, and used the principle of multistage throttling to reduce the cavitation noise [21] . Stefan Semrau et al. analyzed cavitation that induced noise generation. They found that the process of continuous condensation and evaporation caused a stationary wave with superelevated pressure amplitudes [22] .
These researches show that the air noise come from vortex, which generate when air passed walls, fall off on the edge of the walls, spread behind walls. The reason of noise generation in liquid is the similar as air. It is just that noise come from liquid in that vehicle work in water. There are many kinds of sound's sources in the fluid, including the pulsating sound source caused by the non-uniform inflow mass and heat, the force and sound source caused by the unstable reaction force between fluids and solids, and the stress and sound source caused by the viscous stress of the fluid. Noise problems of valves are mostly solved by changing the valve structure.
Source of turbulent noise in the flow field of ball valves is theoretically expounded based on the Lighthill acoustic theory. It is pointed that the noise in the flow field of ball valves belongs to stress noise. In this paper, numerical simulation for three-dimensional model of the ball valve's flow field is carried out. Distributions of pressure, velocity and sound pressure level in the model are analyzed. Mechanism of flow noise is explained. And effective measures to reduce flow noise are put forward.
II. ANALYSIS OF NOISE GENERATION MECHANISM OF BALL VALVE FLOW
Lighthill study air to analyze the noise of fluid. N-S equation can represent the motion process of viscous incompressible fluid. As air's density is little, the mass force can be ignore in the course of acoustic analysis. The N-S equation is expressed as:
where V is velocity, ρ is fluid density, p is fluid pressure and ν is kinematic viscosity. Viscous stress exists in the fluid that can be seen from the above formula. Because of the throttling action of the ball valve, the fluid in the ball valve is in turbulent flow. Rotational motion of the fluid can be expressed by the Reynolds equation for incompressible fluids, which is expressed as:
where µ is dynamic viscosity. Compared with the differential equation of motion of viscous fluid, the incompressible fluid not only has viscous stress, but also has time mean value of the product of fluctuating velocity. These additional terms of Reynolds equation make up a second-order stress tensor, which is shown in the following formula.
where ρV i V i is Reynolds normal stress and ρV i V j is Reynolds shear stress. These are Reynolds stresses. And these are also known as turbulent stress that exist in turbulent flow. Study of turbulent noise is mostly based on Lighthill acoustic theory. It has been proved to be correct in theoretical analysis for many years. Its basic idea is to divide the flow field into two parts: sound source area and sound wave area. The two parts are simulated separately. The Lighthill equation is expressed as:
where ρ is fluctuation of fluid density, x i is coordinate position of particle in i direction, and c 0 is reference sound velocity which can take sound for far field. T ij is Lighthill quadrupole sound source which is produced by viscous stress. T ij belongs to stress sound source and is called Lighthill stress tensor. The expression of T ij can be written as:
where ρu i u j is Reynolds stress, δ ij ρ − c 2 0 ρ is the contribution of the fluctuation of entropy, σ ij is viscous stress tensor, and δ ij is the unit force that act at j which causes the displacement at i. Reynolds stress is the main cause of Lighthill stress tensor compared with the other two terms.
In the case of a single far field for Lighthill equation, the solution can be expressed as:
This solution represents sound pressure level at time t at point x. Reynolds stress inside ball valve is the cause of the flow noise when the fluid is in turbulent motion in ball valve, as shown in Formula (3). The flow noise of ball valve belongs to turbulent noise. At the same time, Reynolds stress concentrates at eddy current. In order to reduce flow noise of ball valves, the eddy current in the flow field and Reynolds stress should be reduced. Air and liquid both are fluid. The differences of them only are density and viscous. In this paper, the working medium of ball valve is water that is liquid. So the Lighthill acoustic theory also can be used on noise that generated in ball valve [5] .
III. MODELING AND SIMULATION ANALYSIS OF NOISE GENERATION IN BALL VALVE FLOW
In this paper, the ball valve with a diameter of 65mm is used as the research object. The finite element models of ball valve's flow field at the spool rotation angles of 30 degree, 40 degree and 50 degree are established, respectively, as shown in Fig. 1 . In order to study the state of working medium rightly, flow field's model which extend 250mm at the exit of ball valve is established. The length from entrance to exit is 472mm. As shown in Fig. 2 .
After a long period of development, CFD (Computational fluid dynamics) has a relatively accurate analysis result for fluid simulation. CFD is used to simulate and analyze the flow field by solving the governing equation in the fluid field. Fig. 3 is a schematic view of CFD grid for fluid analysis. The smaller the mesh, the more accurate the result, but the longer the computation time. After comparing the results of different number of grids, the flow field is discretized with an unstructured grid of 554,896 tetrahedral cells. The grid of key areas is refined, such as the spool surface and internal spool surface.
Water is ejected from the throttle that composed of the valve body and the valve spool. And two jets are formed in Region I and Region II, respectively, as shown in Fig. 4 . Taking region II as an example, jet flow can be divided into three parts: jet core region, transition region and development region. The transition region is a region with strong turbulent motion. And noise in the flow field is mainly in transition region. The same is true for Area I. Jet in region II can induce a vortex in region III when space of flow field is small. The turbulent motion around the vortex is also strong. Therefore, noise will also occur at the junction of region II and region III. As the flow form of fluid in ball valve is turbulence, it is very important to choose a suitable turbulent model for later simulation. And in order to determine the size of fluid viscosity, standard k-epsilon turbulence model is used to simulate and analyze flow field in the ball valve.
For noise generated by ball valve in HVAC system, broadband noise model is used to simulate flow field. Maximum absolute value of sound pressure can be heard by human ears is 1000,000 times different from minimum absolute value. So it is inconvenient to express the size of sound directly by absolute value of sound pressure. So the size of sound is usually expressed by sound pressure level. The expression of sound pressure level is as:
where p(e) is the sound pressure that calculated by the model, p(ref) is the reference sound pressure that take 10 −12 W/m 3 . The unit of sound pressure level is dB. In fact, flow rate of ball valve is determined by pressure differential at both sides of ball valve. So take pressure boundary as boundary condition of model to simulate. Water is chosen as the simulation fluid medium. The parameters of numerical simulation are shown in Table 1 .
When numerical simulations result in different working condition are got, a typical working condition as an example is used to illustrate the distribution of pressure, velocity and sound pressure level in ball valve. And the condition is that the pressure difference is 0.4 MPa and the spool rotation angles is 30 degree.
As shown in Fig. 5 , the front body has the highest flow field pressure, stable velocity and almost no noise. The pressure of the flow field in region I changes rapidly, which causes rapid flow. And water inject into the spool. The flow field in the valve spool generates noise, and sound pressure level is higher than the surrounding flow field. The pressure gradient of the flow field in region II is large. There is negative pressure in the rear body. Both of them make the fluid eject rapidly and form a recirculating vortex in region III. From Fig. 5 (c) , it can be seen that the sound pressure level in region I and region II is the higher than other place. The sound pressure level at the junction of region II and region III is also high. Slowing down the jet stream and lowering the swirl are needed to do to have a design of noise reduction.
The numerical simulation result of flow field under different working conditions are got. Flow rate also is one of the key parameters to evaluate ball valve's performance. So the highest sound pressure level and flow rate of each working condition are obtained as shown in the table 2.
It can be seen that flow rate and sound pressure level increases with pressure difference increases under the same spool rotation angles. The flow rate and sound pressure level increases with spool rotation angles increases under the same pressure difference. The reason for this phenomenon is that the increase of pressure difference and spool rotation angle can increase the flow velocity and the fluid Reynolds number. The turbulence intensity of the fluid increase, and then the flow noise increase.
According to the simulation result of ball valve's flow field, it can be seen that the noise caused by the eddy and throttle spray in the flow field which is the source of Reynolds stress. And the flow noise in the ball valve belongs to the jet noise. Therefore, the spool transverse plates and the rear body transverse plates are installed to slow down the jet stream and lower the swirl in the flow field and reduce the flow noise of the ball valve. The parameter of transverse plates are shown in table 3.
The transverse plates are distributed uniformly in the ball valve. The boundary of both sides of the spool transverse plates is the spool spherical surface. So the boundary of the spool transverse plates can be well matched with the inner boundary of the rear body transverse plates. The outer boundary of the rear body transverse plates is the radial plane, as shown in Fig. 6 . The flow field model of noise reducing ball valve is shown in Fig. 7 .
The finite element model of Noise Reduction Ball Valve's flow field is established. Simulation result is got in the same parameters of ball valve. The condition that the spool rotation angle is 30 degree and pressure difference is 0.4 MPa is used as an example to present distribution of pressure, velocity and sound pressure level in the Noise Reduction Ball Valve. As shown in Fig. 8 . Compared with the simulation results of the ball valve, this pressure in the front body and the spool does not change much. But the pressure in the rear body is higher than it in ball valve. And the negative pressure region is transferred to the back of the ball valve. There is no significant change in the fluid velocity in the front body. There is an obvious vortex between the spool transverse plates. Flow velocity between the transverse plates in region II is obviously accelerated. The vortex in region III moves to valve's rear and decreases. The highest sound pressure level in region I and region II are reduced. However, the sound pressure level in the flow behind the ball valve rises and the range is enlarged, which is caused by the eddy in the flow field behind the valve.
Flow rate is one of the main indices of HVAC system. So it should not be reduced too much when reducing the noise of ball valve. The simulation result of the ball valve and the noise reducing ball valve are shown in Fig. 9 to illustrate the noise reduction of the noise reducing ball valve. From Fig. 9(a) , it can be seen that flow rate of Noise Reducing Ball Valve is larger than that of the ball valve. The reason is that the throttle in region II is equivalent to the thinwalled orifice in the ball valve and the throttle in region II is equivalent to the thick-wall orifice in the Noise Reducing Ball Valve. Fluid motion at the throttle is a submerged jet. Flow coefficient of the thick-walled orifice is larger than that of the thin-walled orifice. So flow rate of the Noise Reducing Ball Valve is larger than that of the ball valve. The pressure is low around of the round tag, which induces fluid to pass through the transverse plates at a faster speed. Similar low pressure regions are found between any two layers, as shown in Fig. 8 . From Fig. 9(b) , it can be seen that the sound pressure level of the noise reducing ball valve is lower than that of the ball valve. For the reason is that the plates directly blocks flow in the ball valve and reduces the eddy current of the flow field inside the ball valve. Plates reduces the Reynolds stress caused by turbulence and reduces sound pressure level.
IV. EXPERIMENTAL ANALYSIS
Parameters of ball valve and Noise Reduction Ball Valve are measured experimentally so as to obtain the effect of noise reduction of Noise Reduction Ball Valve in reality. Spool transverse plates and rear body transverse plates are manufactured by technology. A sleeve whose thick is 3 mm is added to facilitate installation around rear body transverse plates. Spool transverse plates is metal material, as shown in Fig. 10 . Rear body transverse plates is non-metal material, as shown in Fig. 11 . The size of the transverse plates are in accordance with the simulation model. The experiment is carried out at HVAC system in workshop. Pressure sensors are installed respectively at upstream and downstream with a flat installation method. The ball valve's diameter is 65mm. The noise measuring instrument is on the side of ball valve. The turbine meter is installed in the pipeline, as shown in Fig. 12 . The flow rate and sound pressure level of ball valve are measured under different pressure value.
Experiments were carried out on ball valves and Noise Reducing Ball Valves with pressure difference of 0.3 MPa, 0.4 MPa and spool rotation angles of 30, 40 and 50 degrees. The flow and noise value of measure results are shown in Fig. 15 .
Flow rate of Noise Reduction Ball Valve is smaller than that of ball valve obviously. However, the difference tends to decrease with the increase of the spool angle. The reason is the plates' sleeve reduces the throttles in regions I and II, which affects the flow rate of the ball valve. And the effect decreases with the increase of spool angle. The throttle in region II is equivalent to the thick-wall orifice in which there is negative pressure that makes the fluid flow faster in the Noise Reducing Ball Valve. The reason is that the flow rate of two valves are similar in spool rotation angles of 50.
Sound pressure level of Noise Reduction Ball Valve is not smaller than that of ball valve. There are many reasons for this phenomenon. Firstly, the vibration of the structure will be stimulated and maintained when the fluid flows through the flexible structure. Rear body transverse plates is flexible and noise is generated when water flows through the transverse plates. Secondly, the surface of the spool transverse plates and the rear body transverse plates which processed by technology is rough. Transverse plates are not closely matched at the boundary, which causes a large number of small eddies in the process when fluid passing through the transverse plates at high speed. Turbulent stress and stress noise increases in the fluid. Thirdly, the transverse plates acts as a thick-walled orifice. Water is at a faster speed in the flow field behind the Noise Reduction Ball Valve body, which increases the turbulent stress in the transition region and generates flow noise.
In order to solve the above problems, the orifice plate is installed at the exit of the ball valve instead of the rear body transverse plates. A new Noise Reduction Ball Valve appears, as shown in Fig. 13 and Fig. 14. The size of the spool transverse plates is the same as simulation model. The orifice plate is composed of disc which thick is 4 mm and sleeve which thick is 4 mm. The distance between orifices is the same as the diameter of orifice. Valve whose orifices' diameter Fig. 15 .
Compared with the experimental results of ball valve and Noise Reduction Ball Valve 2, the flow rate of Noise Reduction Ball Valve 2 is similar. The flow rate of Noise Reduction Ball Valve 2 changes from less than the ball valve to larger than the ball valve with the increase of spool rotation angle. But the difference between the two valves is not significant. The reason is that the function of plates is similar to the function of thick-wall orifice. There is a negative pressure between the plates, which increases flow rate.
The sound pressure level of Noise Reduction Ball Valve 2 is lower than that of ball valve. And the difference of sound pressure level between the two is greater with the increase of spool angle. When the spool angle is 30 degrees, the sound pressure level of the two valve is similar. The reason is that surfaces of plates is rough. Turbulent stress increases on plates' surfaces, which product extra noise.
Comparing the experimental data of Noise Reduction Ball Valve 2 and Noise Reduction Ball Valve 3, it can be seen that the flow rate of Noise Reduction Ball Valve 2 is larger than Noise Reduction Ball Valve 3 in different working conditions. At small turning angle, the sound pressure level of Noise Reduction Ball Valve 3 is lower. At large angles, the sound pressure level of Noise Reduction Ball Valve 2 is lower. The reason is that different distribution of holes on the plate.
The main working condition of ball valve is that the spool Angle is 30. Ball valves rarely work under the condition that the spool Angle is 50. Therefore, only part of the experiment was done in this condition. However, the flow rate and sound pressure level under this condition can be obtained through analysis of other conditions. Compared with the experimental results of noise reduction ball valve 3 and ball valve in spool rotation angles of 50 are missing in figure 15(a) and (b), it can be seen that the flow rate decreases a lot in noise reduction valve 3, which is due to the great liquid resistance from the spool transverse plate and the orifice plate. But the sound pressure level of noise reduction ball valve 3 is not lower. The reason of this phenomenon is that the strength of the swirl has only decreased, not disappeared. And the other reason is that additional noise is created through fluid impinges on the edge of the hole. The larger the hole in the orifice, the higher the additional noise. Thus, it can be inferred from figures 15(a) and (b) that the flow rate of noise reduction ball valve 3 is smaller than that of ball valve, and the sound pressure level of noise reduction ball valve 3 is basically the same as that of ball valve in spool rotation angles of 50 in Fig. 15(c) and (d) . Fig. 9 presents result of simulation. Its pressure differential is 0.4 MPa. Fig. 15 shows result of experiment in the same pressure differential. Compare simulation results with experimental results in table 4. Ball valves rarely work under the condition that the spool Angle is 50. Therefore, the experiment was not carried out in this condition.
Where S is simulation results, E is experimental results. The experimental results are unequal to the simulation results for ball valve's flow rate. The experimental results are unequal to the simulation results of ball valve's sound pressure level. Although there are errors between the experimental results and the simulation results, the ratio of the errors to the experimental results shows that these errors are within the allowable range.
The experimental results are smaller than the simulation results for the Noise Reduction Ball Valve's flow rate. And for sound pressure level of the Noise Reduction Ball Valve, experimental results are greater than simulation results. The difference is caused by plates. Plates in simulation is smooth and embedded in the body. However, plates in experiment is rough and embedded in the sleeve, which reduce the interface area of the channel and increase turbulent stress. Therefore, the experimental results are not consistent with the simulation results.
V. CONCLUSION
The flow field of the ball valve are analyzed with theory. The finite element model of the flow field of the ball valve is established. Flow field's characteristics of the ball valve are analyzed numerically. Experimental results of different noise reduction schemes of the ball valve are compared and illustrated.
(1) Flow noise of ball valve belongs to jet noise which is caused by Reynolds stress in jet transition region and eddy current in flow field.
(2) For the noise reduction scheme that install spool transverse plates and rear body transverse plates in ball valve, numerical analysis shows that this scheme increases flow rate and is conductive to reduce the noise of the ball valve. However, the experiment shows that this scheme reduces flow rate and increases the sound pressure level in ball valve. Therefore, it is not advisable scheme for noise reduction.
(3) For the noise reduction scheme that install spool transverse plates and orifice plate in ball valve, experiment result shows that the scheme has little reduction on the flow rate and reduces the sound pressure level of the flow field. We can see that the smaller the orifice is, the smaller the impact on the flow rate is, and the better the noise reduction effect is by comparing the experimental result about different orifices. Therefore, this scheme is desirable for noise reduction. 
